INTRODUCTION 1
Hypoxic (low oxygen concentration, for example, 0.5% or 1%) or anoxic (no 2 oxygen) conditions are observed in mammalian pathogenic tissues such as solid tumors 3 or ischemic regions and during embryonic development, when the circulation system is 4
Aprotinin, 1 mM phenylmethyl sulfonyl fluoride) on ice. The lysates were added to the 1 same volume of 2x SDS sample buffer (40 mM Tris-HCl pH 8.8, 80 μ g/mL 2 bromophenol blue, 28.8% glycerol, 4% SDS, 20 mM DTT), boiled at 98° for 5 min, 3 subjected to SDS-PAGE and transferred to BioTrace PVDF membranes (Pall, Port 4
Washington, NY). The antibodies used were anti-phospho-p38 MAPK (rabbit 5 polyclonal; Cell Signaling Technology, Beverly, MA), anti-PMK-1 (KIM et al.
2002) 6
and anti-actin (AC40; Sigma). For the quantification of PMK-1 activity, the band 7 intensity of the phospho-p38 blot was quantified using ImageJ software (National 8
Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/) and divided by that of the 9 actin blot. Data were normalized using the signal from the WT at 24 h as 1. The 10 immublots of seven independent experiments were quantified. For N-acetylcysteine 11 (Nac) pretreatment, Nac was added to the NGM plates after synchronization at a 12 concentration of 5 mM. 13
Oxygen consumption: Oxygen consumption rates were monitored as described 14 previously (SRINIVASAN et al. 2008 ) with slight modifications. Briefly, approximately 15 300 synchronized young adult animals fed with OP50 were deposited in a single well of 16 a 96-well format Oxygen Biosensor System (BD Biosciences, San Jose, CA) using S 1 basal buffer. Plates were incubated at 20° and fluorescent intensities were measured 2 every 30 min for 3 h. The intensity after 2 h of incubation, when the signal was 3 saturated, was used for calculating the oxygen consumption rate. Raw fluorescent 4 intensities from experimental wells were divided by the blank signal of the 5 corresponding well for normalization. The graph in Fig. S4 shows average oxygen 6 consumption rates from four independent experiments performed in duplicate. 7
RESULTS 8
nsy-1 mutant animals showed a lower survival rate under various stresses: To 9 explore the evolutionarily-conserved functions of ASK family proteins in stress 10 responses, we analyzed the phenotypes of C. elegans nsy-1 loss-of-function mutant 11 animals. In previous reports on stress response, nsy-1 mutant animals showed a lower 12 survival rate than their wild-type counterparts under bacterial infection and oxidative 13 stress (KIM et al. 2002; KONDO et al. 2005; SIFRI et al. 2003) . We first reproduced that 14 the nsy-1(ky400) strain, which has a mutation resulting in a premature stop codon before 15 the kinase domain, had a lower survival rate under oxidative stress induced by paraquat 16 (Fig. 1A) . In addition, nsy-1(ky400) mutant animals showed susceptibility to the ER 1 stress-inducer tunicamycin, high salt stress and the DNA-damaging reagent methyl 2 methanesulfonate (Fig. 1B-1D ). Since nsy-1(ky400) mutant animals showed almost the 3 same survival curve as wild-type animals under non-stressed conditions (Fig. 1E) , the 4 lower survival rate of nsy-1(ky400) mutant animals observed under the stressed 5 conditions may be ascribable to a defect of the appropriate responses to these stresses. 6 nsy-1 mutant animals showed a higher survival rate under anoxia: To our 7 surprise, the nsy-1(ky400) mutant animals showed a higher survival rate than the 8 wild-type ones in anoxia ( Fig. 2A) . Three additional loss-of-function alleles of nsy-1 9 (ag3, ok593 and tm850) also showed similar higher survival rates than the wild-type 10 allele (Fig. 2B) . A reduction of the nsy-1 transcript by RNAi also resulted in an increase 11 of the survival rate in anoxia (Fig. 2C) . These results strongly suggest that the 12 nsy-1(ky400) mutant shows prolonged-survival in anoxia. This phenotype was rescued 13 by extrachromosomally introduced transgenes which express NSY-1 in the hypodermal, 14 intestinal or neuronal tissues ( Fig. 2D and 2E ), suggesting that NSY-1 non-cell 15 autonomously regulates the organismal death or that NSY-1 might play roles in each of 16 these tissues that contribute to the organismal death. 1
We next examined the survival rate under 20% CO 2 concentration because we used 2 the catalyst Anaerocult A mini, which converts oxygen (O 2 ) to carbon dioxide (CO 2 ) to 3 establish anoxic conditions. We found that animals did not die under the 20% CO 2 4 conditions within 120 h, eliminating the possibility that animal death under Anaerocult 5 A mini was caused by the increase in CO 2 concentration (Fig. 2F) . 6
To examine whether the prolonged-survival phenotype is caused by hypoxia or 7 anoxia, we analyzed the survival rate of hif-1 mutant animals in Anaerocult A mini; 8 hif-1(ia04) mutant animals did not show a lower survival rate in the Anaerolcult A mini 9 culture than wild-type ones (Fig. 2G ). Because hif-1(ia04) mutant has been reported to 10 show a lower survival rate in hypoxia (0.5% or 1% O 2 ), but not in anoxia (0% O 2 ) 11 (JIANG et al. 2001; PADILLA et al. 2002) , the animal death under Anaerocult A mini 12 appears to be due to anoxia rather than hypoxia. 13
The TIR-1-NSY-1-SEK-1-PMK-1 pathway plays a major role in anoxic death: 14
Next we assessed the involvement of the known upstream and downstream signaling 15 components of NSY-1 in the anoxic response (Fig. 3A) . A mutation in the TIR 16 domain-containing adaptor protein TIR-1, which has been shown to be involved in both (Fig. 3B) , suggesting that TIR-1 functions as an upstream 4 regulator of NSY-1 also in the anoxic response. 5
To examine whether the phenotype of the nsy-1 mutant is dependent on the MAP 6 kinase pathways, animals with mutations of components of the p38 MAPK and JNK 7 pathways were analyzed. The survival rate of animals with a mutation in sek-1, the sole 8 suggesting that SEK-1 plays a major role in the anoxic response downstream of NSY-1 11 (Fig. 3C) . On the other hand, we could not specify the responsible MAPKs, since 12 neither mutant animals of one of three MAPKs of the p38 pathway, pmk-1(km25), nor 13 those of the MAPKs of the JNK pathway, kgb-1(km21) and jnk-1(gk7), showed 14 significantly higher survival rates than wild-type ones probably because of functional 15 redundancy among MAPKs (Fig. 3D) . downstream of NSY-1 and SEK-1. We used a phospho-specific p38 MAPK antibody to 4 monitor the PMK-1 activity, since the amino acid sequences around the activating 5 phosphorylation sites are well conserved from C. elegans to mammals (Fig. S1 ). We 6 found that anoxia induced PMK-1 activation, which was suppressed in nsy-1 mutant 7
( Fig. 4A and 4B ). The total amount of PMK-1 was assessed by an anti-PMK-1 antibody 8 (Fig. S2 ), and little difference was observed between the wild-type and nsy-1(ky400) 9 mutant animals under the basal and stimulated conditions. These results suggest that the 10 NSY-1-SEK-1-PMK-1 pathway operates in the anoxic response. Moreover, PMK-1 11 activation in response to anoxia was also suppressed in the tir-1(tm3036) mutant (Fig.  12 4C), suggesting that TIR-1 is an important upstream factor of the 13 NSY-1-SEK-1-PMK-1 pathway. 14 Reactive oxygen species (ROS) are produced when anoxic cells are exposed to 15 normoxic conditions, a phenomenon known as "reoxygenation." Pretreatment of 16 wild-type animals with N-acetylcysteine (Nac) suppressed the PMK-1 activation 1 induced by the ROS-inducer hydrogen peroxide, but not by anoxia, suggesting that ROS 2 are not involved in PMK-1 activation by anoxia (Fig. 4D) . components of the insulin pathway. nsy-1;daf-2 double-mutant animals showed a higher 8 survival rate than their respective single mutants, suggesting that nsy-1 and daf-2 9 function in parallel (Fig. 5A) . We next asked whether the activation of PMK-1 in 10 daf-2(e1370) mutant animals would also be suppressed like that in nsy-1(ky400). If 11 daf-2 lies upstream of the NSY-1-SEK-1-PMK-1 pathway, the activation of PMK-1 in 12 response to anoxia should be suppressed, because both the daf-2(e1370) and 13 nsy-1(ky400) mutants had higher survival rates than their wild-type counterparts.
NSY-1-SEK-1-PMK-1 pathway at least in anoxia-induced PMK-1 activation (Fig. 5B) . 1
In addition, a mutation in the Forkhead family transcription factor daf-16, which 2 suppresses increased resistance of daf-2 mutant animals to anoxia (MENDENHALL et al. In this report, we have shown that C. elegans with mutations in the 9 TIR-1-NSY-1-SEK-1 pathway showed a higher survival rate than wild-type animals in 10 anoxia ( Fig. 2A, 3B and 3C ). Since the metabolic inhibitor sodium azide is widely used 11
as an anoxia mimetic, we examined whether the nsy-1 loss-of-function mutation 12 protects against death induced by sodium azide. However, we did not observe any 13 difference in the survival rate between wild-type and nsy-1 mutant animals, while daf-2 14 mutant animals were resistant to the sodium azide as previously reported (SCOTT et al. 15 may be due to the variety of the effects caused by sodium azide, such as cytosolic 1 acidification and energy failure. 2
Recently, the transcription factor ATF-7 has been reported to be regulated by the 3 NSY-1-SEK-1-PMK-1 pathway in the context of innate immunity (SHIVERS et al. 4
2010). If some of the pathogen-induced genes regulated by ATF-7 are also induced by 5 anoxia, the mechanisms by which animals respond to pathogenic bacteria and anoxia 6 would be at least partly the same. SKN-1 is another transcription factor that has been 7 reported to be regulated by PMK-1; in the case of SKN-1, the regulation by PMK-1 was 8
shown to occur in response to arsenite stimulation (INOUE et al. 2005 ). Although we 9
have not directly examined the survival rate of the skn-1 mutant because of its lethality, 10 the transcription levels of skn-1 target genes (for example, gcs-1) were not elevated 11 upon anoxic treatment. In both cases, however, loss of sek-1 resulted in a decrease in 12 the survival rate in the presence of pathogenic bacteria or arsenite stimulation, which is 13 the opposite of the phenotype observed in this study.exhibit lower O 2 consumption than their wild-type counterparts (VAN VOORHIES and 1 WARD 1999), nsy-1 mutant animals showed an O 2 consumption rate comparable to that 2 of the wild type animals (Fig. S4) .
only results in anoxic death? One possibility is that NSY-1-dependent responses 7
contribute to survival at an earlier stage in anoxia but reciprocally change their role to 8 contribute to anoxic death at a later stage. This assumption corresponds to the fact that 9 PMK-1 activation in response to anoxia is observed within 36 h, which is earlier than 10 the time course of anoxic death (Fig. 4A) . The band intensity of phospho-PMK-1 then 11 decreases, perhaps due to the depletion of intracellular ATP. Another possibility is that 12 NSY-1-dependent survival responses to anoxia are too exaggerated and as an opposite 13 consequence kill the organism like that in LPS-induced septic shock in mice model and 14 its amelioration in ASK1-deficient mice (MATSUZAWA et al. 2005) . 15
We suggest that the cause of the phenotype of nsy-1 mutant animals in anoxia is 16 not ROS production by reoxygenation, first because nsy-1 mutant animals under 1 oxidative stress showed not higher but rather lower survival rate (Fig. 1A) and secondly 2 because PMK-1 activation in response to anoxia was not suppressed by pretreatment 3 with the ROS scavenger Nac (Fig. 4D ). Although the mechanism by which the 4 NSY-1-SEK-1-PMK-1 pathway is activated remains unclear, a decrease in oxygen 5 concentration might modify the extracellular or intracellular conditions and cause some 6 damage to the cell membrane such as that caused by a pore-foaming toxin, which 7
activates the unfolded protein response downstream of PMK-1 (BISCHOF et al. 2008). 8
In conclusion, the TIR-1-NSY-1-SEK-1-PMK-1 pathway is activated and 9 regulates survival in anoxia. To elucidate the mechanism by which NSY-1 is activated 10 by and responds to anoxia, we are currently screening factors that act upstream and 11 downstream of the NSY-1-SEK-1-PMK-1 pathway using PMK-1 activity as a reporter. 
